
ADAGG75A ANGEMLONUI 
ITBRH ADP FMTEMTC 

/ 0

THE EFFECT OF SURFACE ENERGY ON TEMPERATURE RISE AROUND A FAST -ETC(U)
JUN GO C YATOMI AFOSR-76-3013

UNCLASSIFIED TR17 AFOSR-TR-8-0684 NL

El



II ~ o' f2  II
II I-~~i~~11122

11111"- 
1

IIIJIL 5 1.4 I11111.

IIROCOPY RESOLUTION TEST CHART
NATIONAL BURLAU OF STANDARDS 1963 A



"O - - 80-o684'

Air Force Office of Scientific Research

Contract AFOSR-76-3013

Technical Report No. 17

0 The Effect of Surface Energy on
Temperature Rise Around a

dFast Running Crack

by

Chikayoshi Yatomi

Department of Mathematics
Carnegie-Mellon University

Pittsburgh, Pennsylvania 15213

June 1980

Approvo d pubnIa rola: -" ;

-JI

90 9 2 216

........



* ~UNCLASSIFIED P'~ '
SECURITY CLASSIFICATION OF THIS PAGE (M~en Daa Entered) _________________

UIAENATIONPAGEREAD INSTRUCTIONS
REP9 DCMENTATO PG BEFORE COMPLETING FORM

1. -.--- "A -Y 2. GOVT ACCIESSION NO. 3. RECIPIENT'S CATALOG eMM1111

4. TTLE(an SuS700T-S. TYPE Of REPORT & PERIOD COVERED

; HE-FFECT OF JURFACEI4 NERGY ON TEMPERATURE RISE INTERIM
0 AROUWD AFS-UNN CAK

---- ---- 1 7

Of 7 I A AOHIA'TH /) AF&R-76-3,03

9. PERFORMING ORGANIZATION NAME AND 'ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
AREA A WORKC UNIT NUMUERts

CARNEGIE-MELLON UNIVERSITY,/ /

11. CONTROLLING OFFICE NAME AND ADDRESS

14. MONITORING -AGENCY NAME G ADDRESS(iI diferent from Controlling Office) IS. SECURITY CLASS. (of tils report)

-. g UNCLASSIFIED
IS..EC. AUSl IC AT# ON/ OOWNGRADN

IS. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

$ 17. DISTRIBUTION STATEMENT (of the astract entered In Block 20, If different from Report)

IS. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identify by black number)

*1 FRACTURE
ELASTICITY

20. ABSTRACT (Continue on reverse side It necesary end Idenhty by block number)

-Using a local balance law developed by Gurtin [5] for the cohesive zone, we
give a system of equations governing the temperature rise around a fast
running crack. We note that the effect of surface temperature cannot be
neglected for a fast running crack, and we discuss the equations under
simplifying assumptions. In particular, assuming that the surface temperature
is much higher than the surrounding temperature, we arrive at a simple solution
iclosed form. This solution agrees with experimental results of Fulter, Fox,4D JAN 7D 3 1473 UNCLASSIFIED 9l.J I 1*



UNCLASSIFIED
StCURITY CLASSIFICATION OF THIS PAGE(WeohW Dote Entered)

-and Field -21 for polymethyl methacrylate showing that the temperature
rise at the crack tip is independent of crack speed.

UNCLASSIFIED



Abstract

Using a local balance law developed by Gurtin [5] for

the cohesive zone, we give a system of equations governing

the temperature rise around a fast running crack and discuss

the equations under simplifying assumptions.
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1. Introduction

Using a local balance law developed by Gurtin [5] for the

cohesive zone, we give a system of equations governing the

temperature rise around a fast running crack. We note that the

effect of surface temperature cannot be neglected for a fast

running crack, and we discuss tl.- equations under simplifying

assumptions. In particular, assuming that the surface temperature is

much higher than the surrounding temperature, we arrive at a simple

solution in closed form. This solution agrees with experimental

results of Fuller, Fox, and Field [2] for polymethyl methacrylate

showing that the temperature rise at the crack tip is independent

of crack speed.
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2. Theory

Consideration will be restricted to a semi-infinite crack

in an infinite plate stressed symmetrically with respect to

the plane of the crack.

we assume that the crack

L is moving with constant

-s-0- ZY -velocity v in the
I direction-of negative x.

(See the Figure.)

Neglecting thermo-mechanical coupling we have the following energ:

balance law governing the temperature rise 0 = O(x,y,t) away

from the crack:

2 2
pc k Bx--- (2.1)

where. p is the density, k conductivity and c specific heat.

Let z(t) label the end of cohesive zone and t its length, so

that z(t) + 4 gives the position of the crack tip.

Since the work rate f(x,t) due to plastic work in the

cohesive zone will be symmetric about the plane of the crack, there

will be no heat conduction across the line (y 0, x < z(t));

hence

0k - = 0, y = 0, x < z(t). (2.2)

We allow the crack surface to have (surface) temperature rise

t(x,t)(_ :) continuous in x(> z(t))

Ll
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According to a recent theory of Gurtin [51, the

local balance law in the cohesive region is given in the form

h + a-9, (2.3)

where h is the heat flow per unit surface into the crack

surface from the body (cf., e.g., (5.6) in [5]).

Using (2.3) we have (by routine assumptions and

derivations)

2(x,t) - b + f(x.t), y = O, x > z(t),
(2.4)

ky h y= 0, x > z(t),

where B is a constant. We assume that h has the form

h = cx(O-tp), (2.5)

where a (= constant) is the surface conductivity. We note

that, in (2.4)i f(xt) = 0 at x > z(t) + J, and we neglect

heat loss into the surrounding air 1 In Gurtin [5), the energy

of the newly formed free surfaces is assumed to be constant

when these surfaces are exposed to a constant environmental

terperature. For a fast running crack, however, this assumption

is redundant.

Assuming steady-state conditions and introducing the moving

coordinate = x - z(t), the equations (2.1)-(2.5) become

See D611 [4].

ap,
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2e .20 B 20G

kPcv = O(; B, y >'O, -OD < C4

y , <(2.6)

2v--= B (o- ) + 2' y= o, 0 > 0,

byy=o, > O,

where g(9) := f( + z(t),t) is the work rate in the cohesive

region. By (2.6)34, we have

b +o R2 (2.7)b = + 2k'

where b =f . We note is the heat required to raise2k'

the temperature of a unit surface by one degree (calm 2 / °C).

We expect to be negligible small. The dimensionless constant

b, however, is approximately

6.lX104 X - 2024 Aluminium Alloy

1.7XI0 5XO - Mild Steel
! I 6

1.4X10 X0 - 6AI-4V Titanium Alloy

5.OX108 X - Polymethyl Methacrylate (k=5xl0 -5m/C/s)

for v = 500 m/sec. Thus, even for 8 as small as 10-5 10-8cal/

cm2 / ° we may not neglect the term b compared to b in

(2.7) if the crack velocity is as large as 500 m/s.

We will discuss the temperature rise around a fast running crack

using the above equations, but under certain simplifying assumptions.

Iii
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3. Analysis and Discussions

Here we assume that B << w on the crack surface. (Experi-

ments on polymethyl methacrylate show the temperature rise on

the crack faces (wlpm in depth) to be about 500 K throughout

the velocity range 200-650 m/s [2], in contrast, the maximum

temperature rise at a distance of about 0.2-1am from the crack

path, is only 0.1-1 K [31.)

Under this assumption the equations (2.7) become
2 2

cv k (.a t2 +  -by2) y > 0, -a < a),

y 0, y = 0, E < 0

2 2 aC + Y 0, > 0,

ay 0± > 0.

We assume that 0 and p tend to zero at infinity. We then

have solutions in the form

c'(t e - ' dt _~2c
Ov

0

0 < <0,

OMY) V Cio'(t) (tyd,
0

wher.

1 eax x2+y2) cv
Kx,y) y , a 2k

4,iL
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with K0  the modified Besse1 function of the second kind.

Using the Dugdale model, the work rate due to plastic work

is given in the form1

where a0is the yield stress and 6 the separation distance.

Thus the temperature rise wp(P) for > L becomes

___ dt__ 205(9 ( e dt)e

(3.1)
2CLI. d8 ('Px) '2ar)..x - 2L(~

and thus, if 2aA./vo is negligibly small, (3.1) is approximately,

C( M P0 e-$ (3.2)

where t

This result shows, interestingly, that the temperature rise

at the crack tip (r = 0) is proportional to aob . with

constant of proportionality is 1$

1The work rate g( ) for the Dugdale model in smnall plane strain
is computed by Levy and Rice [1] as

22

2Note that we have assumed plastic work in the cohesive
zone is completely converted into heat. (This is gener-
ally true of the energy expended in plastically deformaing
a metal.) For partial conversion g should be scaled
down- appropriately.

IL - - _ _ _
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Note that f depends on v only through a dependence

on 7/v. For the point x = y = 0, say, occupied by the tip at

t = 0, r will be the distance from the tip at time t = il/v.

Thus, by (3.2), the temperature rise at this point should depend

only on time; it should be independentI of v. This result is in

agreement with experimental result of Fuller, Fox, and Field [2],

who found that the temperature rise at a fixed point on the axis

of the crack was approximately independent of crack velocity.

In fact, they note that "the results combined to give a temperature

rise of approximately 500 K throughout the velocity range studied

(200,-650 n/s). "

For the fixed point x = y = 0, (3.2) gives

o6 -) - t0 e

and hence T has the form

p A Ae-Bt

where A = a 8(t)/O and B =

The data of [2], when averaged, give

p=457 K at t = 1%0s

=p361 K at t = 204s

_= 304 K at t = 354s.

Using the values at t = 10s and t = 35s, we find that

A = 5.38X10 2K,

B = 1.63X10 4sec
- I

Here we follow Levy and Rice [1] and assume that
a06(t) is independent of v. Levy and Rice [1], however,
found that this temperature rise is proportional to I.



This gives 9 = 388 K at t = 20Ls as compared to

the value w = 361 K of [2]. Further, we find that 538 K

at t = 0; that is, the temperature rise at the crack tip is

538 K. For the values t = 1 mm (which we feel is an upper

bound for L) and v = 200 m/s, we find that the dimensionless

constant

2at/vO =O ,/v,

which we neglected indefining (3.2), has the approximate value

of 0.08.
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